Background: Because of a lack of randomized controlled trials and the methodological weakness of currently available observational studies, the benefits of helicopter emergency medical services (HEMS) over ground emergency medical services (GEMS) for major trauma patients remain uncertain. The aim of this retrospective nationwide cohort study was to compare the mortality of adults with serious traumatic injuries who were transported by HEMS and GEMS, and to analyze the effects of HEMS in various subpopulations. Methods: Using the Japan Trauma Data Bank, we evaluated all adult patients who had an injury severity score ≥ 16 transported by HEMS or GEMS during the daytime between 2004 and 2014. We compared in-hospital mortality between patients transported by HEMS and GEMS using propensity score matching, inverse probability of treatment weighting and instrumental variable analyses to adjust for measured and unmeasured confounding factors. Results: Eligible patients (n = 21,286) from 192 hospitals included 4128 transported by HEMS and 17,158 transported by GEMS. In the propensity score-matched model, there was a significant difference in the in-hospital mortality between HEMS and GEMS groups (22.2 vs. 24.5%, risk difference −2.3% [95% confidence interval, −4.2 to −0.5]; number needed to treat, 43 [95% confidence interval, 24 to 220]). The inverse probability of treatment weighting (20.8% vs. 23.9%; risk difference, −3.9% [95% confidence interval, −5.7 to −2.1]; number needed to treat, 26 [95% confidence interval, 17 to 48]) and instrumental variable analyses showed similar results (risk difference, −6.5% [95% confidence interval, −9.2 to −3.8]; number needed to treat, 15 [95% confidence interval, 11 to 27]). HEMS transport was significantly associated with lower in-hospital mortality after falls, compression injuries, severe chest injuries, extremity (including pelvic) injuries, and traumatic arrest on arrival to the emergency department. Conclusions: HEMS was associated with a significantly lower mortality than GEMS in adult patients with major traumatic injuries after adjusting for measured and unmeasured confounders.
Background
Helicopter emergency medical services (HEMS) have about a half-century history. Early adopters, such as Germany and the United States, have been operating emergency medical helicopters since 1970 [1] , and HEMS have become an important component of pre-hospital care for trauma patients in many countries [2] [3] [4] [5] . HEMS can provide faster transport of severely injured patients to highly specialized facilities than ground emergency medical services (GEMS).
Several recent, well-designed studies suggest that HEMS was associated with improved survival [6] [7] [8] [9] [10] [11] , however other studies reported no significant difference [12] [13] [14] . The differences in the findings were related to the great diversity of EMS between different countries, as well as different study designs and populations [15] [16] [17] . Additionally, all these studies were observational in design, and were not able to account for unmeasured confounders such as degree of emergency other than vital signs. Therefore, the benefits of HEMS remain controversial.
HEMS require substantially higher costs and more training of health care professionals than GEMS. Minor injury patients may not be appropriate candidates for HEMS, because there may be limited scope for an improvement in outcome for such patients and greater expense related to HEMS [18] [19] [20] . However, it remains uncertain which types of patients are likely to benefit from HEMS.
The aims of the present study were: (i) to compare mortality between HEMS and GEMS in severely injured patients while adjusting for measured and unmeasured confounders; and (ii) to analyze the effects of HEMS in various subpopulations.
Methods
This study was approved by the institutional review board of National Hospital Organization Mito Medical Center, which waived the requirement for informed patient consent because of the anonymous nature of the data.
This study was retrospective nationwide cohort study. Data were obtained from the Japan Trauma Data Bank (JTDB) during the years 2004-2014. The JTDB is the largest repository of national trauma data in Japan. Data were collected from 244 participating hospitals (197 tertiary, 47 secondary-level emergency hospitals), and in 2014, about 71% (197/279) of tertiary-level emergency hospitals in Japan participated in the database and 93% (184,521/198,745) of data were collected from tertiarylevel hospitals. Tertiary and secondary-level hospitals are authorized by the Ministry of Health, Labour and Welfare. Tertiary-level hospitals are equivalent role to level 1 trauma centers in Europe and the United States, and are capable of providing 24-h specialty care in areas such as general surgery, cardiovascular surgery, orthopedic surgery, neurosurgery, anesthesiology, emergency medicine, radiology, internal medicine and critical care [21] . The JTDB was started in 2003 by the Japanese Association for Trauma Surgery (Trauma Registry Committee) and the Japanese Association for Acute Medicine (Committee for Clinical Care Evaluation). The Association for Japan Trauma Care Research plays the leading role in the training of Abbreviated Injury Scale (AIS)-certified trauma registry coders. Data are prospectively and continuously recorded through a web-based format, and the data are compiled in a data server at the Association for Japan Trauma Care Research. The Association for Japan Trauma Care Research cleanses the data and publishes an annual report [22] .
The database contains each patient's demographic data (age, sex, and vital signs at the scene of injury and in the emergency department); the mechanism of injury; preexisting medical conditions according to the International Classification of Diseases, 10th revision; diagnoses; surgical and interventional procedures; severity of injury; and patient disposition. Diagnosis of injury is recorded according to the AIS using AIS 90 Update 98, and patients with AIS ≥3 are recorded. The severity of anatomic injuries is evaluated using the injury severity score (ISS). Level of consciousness is evaluated using the Japan Coma Scale score, which is recorded for all patients on admission. This score correlates well with the Glasgow Coma Scale; a neurologic dysfunction score of 100 points on the Japan Coma Scale is equivalent to 6-9 on the Glasgow Coma Scale. Patients were categorized into four groups based on Japan Coma Scale score 0 (Grade 0, alert); 1-3 (Grade 1, delirium); 10-30 (Grade 2, somnolence); and 100-300 (Grade 3, coma) [23] .
HEMS
In Japan, HEMS was first introduced in 2000 and has spread to many regions. In 2014, there were 22,463 helicopter transports and the number is gradually increasing every year. The Japanese HEMS are similar to those in European countries and have a physicianbased pre-hospital approach to emergency patients. One or two physicians and a nurse are transported to the scene by helicopter. Physicians are board-certified in fields such as acute care, surgery, anesthesiology or aeromedical services and have received advanced trauma life support training. Each helicopter covers a radius of about 50 km during daylight hours. HEMS are based at a tertiary-level emergency hospital and can be dispatched according to the information given during the emergency call from the fire department. HEMS dispatch can also be requested by the GEMS upon assessment of the patient at the scene. GEMS first rescues the injured patient, and then transports them to a location where HEMS can land safely (the "rendezvous point"). Then the HEMS team provides emergency care such as endotracheal intubation, chest tube drainage, emergency tracheotomy or thoracotomy with aortic clamping in the ambulance using various medications. This system is called the "rendezvous system". After emergency care, HEMS transports the patient to the tertiary care hospital.
GEMS
Japanese GEMS consist of emergency medical technicians or paramedics trained in advanced life support and pre-hospital trauma life support, and fire fighters trained in basic life support. GEMS are allowed to perform several procedures according to fixed protocols set by the Ministry of Health, Labour and Welfare, including venous cannulation, crystalloid infusion, early defibrillation, endotracheal intubation without muscle relaxants, and treatment with several medications for cardiopulmonary arrest [24] .
Inclusion criteria
A total of 198,744 patients were enrolled in the JTDB from 2004 to 2014. Inclusion criteria for the study were: (i) age 15 years or older; (ii) transport by HEMS or GEMS; (iii) direct transport from the scene of injury; (iv) hospital admission from January 2004 to December 2014; (iv) hospital arrival between 8:30 and 18:00 (daytime); and (v) ISS ≥16 points. We excluded (i) patients who had no vital signs (traumatic arrest) at the time of GEMS arrival; (ii) those with burns (because burns are different from other blunt or stab injuries in that they are not accompanied by bleeding or obstructive shock, which can cause death in minutes); and (iii) those who experienced falls from standing to flat ground (because such falls generally do not cause serious injuries). Patients with no outcome data or recorded sex were also excluded.
Patients were stratified into two groups according to transport by HEMS or GEMS. The outcomes of interest were in-hospital mortality. Subgroup analyses were performed to compare mortalities according to cause of injury, injury distribution, and hospital type. We also analyzed: (i) initial vital signs when patients arrived to the emergency department; (ii) the proportion of patients who were in traumatic arrest on arrival to the emergency department; (iii) the mortality rate of patients who were not in traumatic arrest on arrival to the emergency department; and (iv) the interval between fire department dispatch and emergency department arrival, and the interval between emergency department arrival and blood transfusion or definitive care such as emergency surgery or transarterial embolization.
Statistical analyses
Quantitative variables were grouped based on Trauma and Injury Severity Score methods, which are commonly used in medical practice [25] . Covariates were carefully selected based on the assumption that they were not directly affected by the intervention. The Wilcoxon rank-sum test was used to compare (i) the time from dispatch to emergency department arrival, (ii) the time from emergency department arrival to blood transfusion, and (iii) the time from emergency department arrival to definitive care.
Propensity score analyses
One-to-one propensity-score matching was performed between the HEMS and GEMS groups [26] [27] [28] . To estimate the propensity score, a logistic regression model was used with the following independent variables: age, sex, preexisting medical conditions, mechanism of injury, ISS, injury distribution with AIS ≥ 3, pre-hospital vital signs (systolic blood pressure, respiratory rate, heart rate and Japan Coma Scale scores), and the accident date. Vital sign components were categorized, and missing data were included as a missing category. The C-statistic for evaluating the goodness of fit was calculated. Using a nearest-neighbor matching method, each patient in the HEMS group was matched with a patient in the GEMS group without replacement, with the closest estimated propensity within a caliper (≤0.2 of the pooled standard deviation of propensity scores). We examined the balance in the baseline variables between the propensity-matched HEMS and GEMS groups using standardized differences, where >10% was regarded as imbalanced [29, 30] . We also used a propensity score method for inverse probability of treatment weighting (IPTW) using the same population as that in the instrumental variable analysis (mentioned below). Each patient was weighted by the inverse probability of being in the observed group [31, 32] .
In the propensity score analyses, we calculated the risk differences and their 95% confidence intervals (CI) and the number needed to treat in in-hospital mortality. In-hospital mortality was compared between the HEMS and GEMS groups according to subpopulations of (i) cause of injury, (ii) injury distribution (AIS ≥3), and (iii) type of hospital (tertiary or secondary), using chi-square tests.
In addition, initial vital signs at the emergency department, including systolic blood pressure, heart rate, respiratory rate, Japan Coma Scale, Glasgow Coma Scale, and body temperature, were compared between the HEMS and GEMS groups using the standardized difference.
Instrumental variable analysis
Propensity score analysis cannot remove hidden biases caused by unmeasured confounders. We therefore conducted an instrumental variable (IV) analysis as a confirmatory analysis of our propensity score analyses. The key assumptions of an IV analysis are that the IV is highly correlated with the treatment, but is otherwise not correlated with any unmeasured variables, so that it does not affect patient outcomes except through treatment [33, 34] .
In a pre-hospital setting, wide variations in the frequency of HEMS use for major trauma may be related to the local fire department's policies and preferences. Some fire departments prefer activating HEMS at same time as dispatching the emergency call, and others activate HEMS after GEMS assessment. Such preferences inevitably differ between regions based on demographic, geographic, and health care resource considerations. We first classified each patient by transportation mode, and then examined the most recent prior transportation mode used by the same fire department for any other patient in the cohort. We used "last transportation mode" as an instrumental variable. In this approach, if the last transportation mode used by the same fire department was HEMS, the fire department was regarded as an HEMS user for that patient. Otherwise, the fire department was regarded as a GEMS user [35, 36] . The last mode of transport rule was used as a surrogate for actual treatment, and was considered independent of patient characteristics and not directly related to outcome [35] . In the IV analysis, we excluded patients in some regions where HEMS was not available. We also excluded patients during the periods before HEMS was introduced in each region, patients with no associated fire department data and fire departments that had fewer than 10 patient transports [37] . We used a two-stage least-squares regression with the covariates (age, sex, preexisting medical conditions, cause of injury, ISS, pre-hospital systolic blood pressure, pre-hospital respiratory rate, pre-hospital heart rate, pre-hospital Japan Coma Scale scores, and the accident date) for IV analysis to estimate the risk difference and its 95% CI for in-hospital mortality using Stata/MP 14.0 (Stata Corp., College Station, TX, USA). We confirmed the validity of the instrument by testing its association with our main predictor of the actual transportation mode using partial F-statistics. Partial F-statistics > 10 were regarded as valid instruments [38] . To further assess the validity of our instrument, we examined the covariate balance [39] .
The threshold for significance was a P-value < 0.05. For the subgroup analyses, we used the Bonferroni correction to counteract the problem of multiple comparisons [40] . With the Bonferroni correction, rejecting null hypotheses at p < α/m controls the familywise error rate, where α = 0.05 and m denotes the total number of null hypotheses. Because we performed 24 subgroup analyses, the significance level for their P-values was set as < 0.002. All statistical analyses were conducted using IBM SPSS version 22 (IBM Corp., Armonk, NY, USA) and Stata/MP 14.0.
Results
A total of 21,286 eligible patients with trauma were treated at 192 hospitals during the study period (Fig. 1 ). There were 4128 HEMS patients (3143 male, 985 female; mean age: 58.1 years; range, 84 years) and 17,158 GEMS patients (11,906 male, 5252 female; mean age: 57.3 years; range, 86 years), from which 3980 propensity scorematched pairs were generated. The C-statistic was 0.70 (95% CI 0.69 to 0.71) in the model for calculating propensity scores. Table 1 shows the baseline characteristics of the unmatched and propensity score-matched groups. When the unmatched groups were compared, patients were more likely to be transported by HEMS if they were injured in an automobile crash or by severe compression. Patients transported by HEMS had higher ISS and a higher proportion of chest, abdominal, spinal, and extremity (including pelvic) injuries than those transported by GEMS. The variables of the propensity score-matched groups were well balanced.
There were no significant differences in in-hospital mortality between patients transported by HEMS and GEMS in unmatched patients (22 (Fig. 2) . In the IV analysis, the null hypothesis that there was no association between pattern of HEMS call and actual HEMS use was rejected, with P < .001, and an F statistic of 2763. As noted in the Additional file 1, we observed improved balance in covariates across the categories of our instrument compared with the pooled sample. There were significant differences in the in-hospital mortality between HEMS and GEMS (risk difference −6.5% [95% CI −9.2 to −3.8]; number needed to treat 15 [95% CI 11 to 27]) (Fig. 2) . Table 2 shows subgroup analyses of in-hospital mortality between propensity-matched groups. HEMS was associated with lower mortality than GEMS among patients injured by falls, compression-type injuries, and chest and extremity (including pelvic) injuries (AIS ≥3). Table 3 shows initial vital signs at the emergency department in the unmatched and propensity-matched groups. In comparison with HEMS, the proportion of zero vital signs patients (systolic blood pressure, heart rate, and respiratory rate) was greater and the proportion of normal respiratory rate patients was smaller in the propensity-matched GEMS group than those in the unmatched group. In addition, when we excluded those patients in traumatic arrest on arrival to the emergency department from our propensity score-matched groups, there were no significant differences between HEMS (n = 3727) and GEMS (n = 3606) for in-hospital mortality (17.4% [n = 648] vs. 16.9% [n = 610], p = .59).
Although time from fire department dispatch to emergency department arrival was longer for HEMS than GEMS Fig. 2 Risk difference in the in-hospital mortality between HEMS and GEMS. PS, propensity score; IPTW, inverse probability of treatment weighting; IV, instrumental variable; HEMS, helicopter emergency medical services; GEMS, ground emergency medical services; CI, confidence interval; NNT, number needed to treat (median 60 min vs. 35 min), time from emergency department arrival to blood transfusion was shorter for HEMS than GEMS (median 26 min vs. 36 min) in the propensitymatched groups (Table 4) .
Discussion
In this study, we performed propensity score and IV analyses of 21,286 severely injured patients transported by HEMS or GEMS to 192 hospitals throughout Japan using data from a nationwide trauma database. There was a significant difference between HEMS and GEMS in the mortality rate of adult patients with ISS ≥16 after major trauma. There was also a significant difference between in-hospital mortality for patients transported by HEMS and GEMS after falls from a height, compression injuries, severe chest injuries, extremity (including pelvic) injuries and traumatic arrest on arrival to the emergency department. HEMS assistance thus resulted in an average of 2.3 to 6.5 lives saved per 100 HEMS dispatches for severely injured patients. In previous studies, the numbers of lives saved per 100 HEMS dispatches have been reported to range from 1.1 to 19 [41] [42] [43] . These figures were comparable to those from our study. However, it may be difficult to compare our results directly with those in previous studies because of the large variations in study design, geographical setting, organization of trauma systems, type of pre-hospital trauma care, study population, and definition of mortality.
Our results showed no significant difference in mortality following head injury between the HEMS and GEMS groups. It may be that mortality following head injury cannot be reduced even though HEMS provides pre-hospital neuro-intensive treatments. Such treatments may improve functional outcomes HEMS helicopter emergency medical services, GEMS ground emergency medical services, AIS abbreviated injury scale among survivors of head injury. However, our database did not include functional outcomes or postdischarge outcomes. Random assignment of patients to HEMS or GEMS may be impossible for ethical reasons. Previously published international studies have thus been based on observational studies [3] . The current study provides stricter analyses of HEMS and GEMS than previous studies. Propensity score matching and IPTW analyses can balance covariates that can cause an imbalance between treated and control groups. IPTW analysis can also estimate average treatment effects [31, 32] . For observational and nonrandomized studies, propensity scores represent one of the best available methods to adjust for baseline differences. In addition, to overcome bias from unmeasured confounding factors, we additionally performed an IV analysis. Vital signs are affected by many factors, and ISSs do not account for degree of emergency, such as the existence of airway obstruction caused by persistent hemorrhage from maxillofacial trauma. We thus cannot recognize the presence of Total may not become 100% due to rounding off HEMS helicopter emergency medical services, GEMS ground emergency medical services, SD standardized difference airway obstruction, which often needs emergency intervention at the pre-hospital settings, based only on a patient's vital signs and ISS. In this situation, airway obstruction may become unobserved confounder. IV analysis can theoretically adjust for these unmeasured confounders. Several previous studies used propensity score matching analysis to compare mortality between HEMS and GEMS in major adult trauma [6] [7] [8] [9] [10] [11] . However, it remains unclear which aspect of helicopter transport is responsible for the mortality benefit. HEMS crews with pre-hospital airway management skills have been suggested as one of the possible explanation for any reduction in trauma mortality seen in HEMS-transported patients. Our results indicate that HEMS is associated with higher rates of respiratory function recovery and reduced mortality in patients with chest compression injuries (chest AIS ≥ 3). HEMS was also associated with reduced rates of traumatic arrest on arrival to the emergency department. These findings suggest that HEMS may have a favorable effect on respiratory dysfunction in the pre-hospital setting, and may reduce the number of dead-on-arrival cases.
A helicopter is a means of transportation, not a method of treatment. Any benefit noted with HEMS transport must logically be related to a decrease in the time from injury to definitive care or stabilizing treatment. However, in this study, the median time from dispatch to emergency department arrival was longer in the HEMS than in the GEMS group. In addition, there were no significant differences between HEMS and GEMS in time from emergency department arrival to definitive care, such as emergency surgery or transarterial embolization. Only the time to blood transfusion after emergency department arrival was shorter in the HEMS group. The main reason why blood transfusions may have occurred earlier is that HEMS physicians are able to order the use of universal donor or uncrossmatched blood products during pre-hospital care, permitting transfusions immediately after the patient arrives at the emergency department. These results may indicate HEMS' pre-hospital care and early blood transfusion can confer favorable conditions before definitive treatment, and these conditions may affect favorable outcomes.
Indeed, a previous study suggested that early blood transfusion at the pre-hospital stage was associated with a significant reduction in mortality [44] .
When we excluded patients who were dead on arrival from the matched groups, the favorable mortality outcomes for HEMS were lost. The measured variables of this group were well balanced. In this study, we excluded patients who were in traumatic arrest at the time GEMS arrived on the scene. Even if a patient goes into traumatic arrest after GEMS assessment, activated HEMS often reaches the patient and is able to perform resuscitative procedures such as thoracotomy with aortic clamping prior to transporting the patient to the tertiary care hospital. We therefore believe traumatic arrest patients may be less likely to be transported by GEMS after HEMS is alerted. These results thus suggest that the effectiveness of HEMS may lie in pre-hospital intervention rather than in-hospital treatment.
Limitations
The present study has several limitations. First, information on pre-hospital interventions or HEMS crews was unavailable. Previous studies have argued that a prolonged pre-hospital time might be caused by additional on-scene treatment [5] . The potential survival benefit from HEMS has been suggested to depend on rescue teams possessing superior experience in managing trauma patients resulting in extended preclinical procedures and a benefit on survival. However, our data contained no information on the pre-hospital procedures of HEMS. Thus, role of skilled physicians and nurses remained uncertain. Second, we excluded patients with moderate or minimal conditions (ISS <16) and who were transferred from other hospitals. Thus, the results cannot be generalized to less severely injured patients or transferred patients. Third, to handle missing data, we categorized the continuous values of vital signs and included a category for missing values. However, the categorization of continuous data generally results in a loss of information. Fourth, although a propensity score method was used to adjust for differences in Definitive care indicates surgery or transarterial embolization *HEMS; n = 3746, GEMS; n = 3720 **HEMS; n = 335, GEMS; n = 195 ***HEMS; n = 278, GEMS; n = 263 HEMS helicopter emergency medical services, GEMS ground emergency medical service, ED emergency department, IQR interquartile range baseline characteristics and injury severity, bias could still be present in the form of confounders that were not measured. IV analysis can theoretically adjust for such unmeasured confounders.
Conclusion
This nationwide registry-based study identified the benefits of HEMS for patients with serious but potentially survivable injuries. We observed a substantially reduced mortality rate in adult patients with major trauma transported by HEMS compared with GEMS after adjusting for measured and unmeasured confounders.
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